We deposited a lead zirconate titanete (PZT) polycrystalline film on a titanium substrate by the hydrothermal method and fabricated a transducer using the PZT film for use as an ultrasound probe. A 10 MHz miniature one-dimensional-array medical ultrasound probe containing the PZT film was developed. After sputtering titanium on the surface of a hydroxyapatite substrate, the titanium film on the substrate was etched by the photolithography to form a one-dimensional titanium film electrode array. We could thus fabricate a miniature one-dimensional-array ultrasound probe by the hydrothermal method. Transmitted ultrasound pulses from a 10 MHz commercial ultrasound probe were received by the newly fabricated onedimensional-array ultrasound probe. The fabrication process of the probe and the results of experiments on receiving waveforms were reported in this paper.
Introduction
Recently, it has become important to develop highfrequency ultrasound diagnostic equipment with high resolution for intraductal ultrasonography (IDUS), intravascular ultra-sonography (IVUS) and ophthalmic ultrasound diagnosis. Therefore, the research and development of highfrequency miniature ultrasound probes with wide frequency characteristics and array-type ultrasound probes with high resolution are being actively carried out. [1] [2] [3] Piezoelectric ceramics such as Pb(Ti,Zr)O 3 (lead zirconate titanate; PZT) and piezoelectric polymer films such as poly(vinylidene difluoride) (PVDF) and a copolymer of vinylidene fluoride and trifluoroethylene P(VDF+TrFE) are used as piezoelectric vibrators for array-type medical ultrasound probes. Although piezoelectric ceramic vibrators have high transmitting sensitivity, they are not suitable for tiny array-type ultrasound probes because they have narrow frequency characteristics and are hard and brittle materials. On the other hand, although an ultrasound probe with piezoelectric polymer film has wide frequency characteristics, it has the problems of a small electromechanical coupling coefficient, small specific dielectric constant, and low transmitting sensitivity.
We have been studying the deposition of piezoelectric polycrystalline films such as PZT polycrystalline film on a titanium substrate by the hydrothermal method. Such a film is expected to be put into practical use. 4, 5) Hydrothermally deposited PZT polycrystalline film has the following features. (i) Its formation does not involve a poling process or annealing process. 6) (ii) It can be deposited on a tiny or complex-shaped titanium substrate.
6) (iii) It has a low acoustic impedance of less than 15 Â 10 6 kg/(m 2 Ás). 6,7) (iv) It has wide frequency characteristics from 1 MHz to higher than 40 MHz. 4) Therefore, we fabricated a miniature one-dimensional (1D) array ultrasound probe containing a piezoelectric polycrystalline film deposited by the hydrothermal method for electronic sector scanning at 10 MHz. Furthermore, an experiment on its ability to receive ultrasound pulses was accomplished using one element in the fabricated 1D-array type ultrasound probe. Figure 1 shows the apparatus used for the hydrothermal method in this study. The material solution including Ti 4þ , Zr 4þ , Pb 2þ metal ions and a mineralizer of KOH solution are mixed in our hydrothermal synthesis of PZT polycrystalline films. The films are deposited on titanium substrates in our study. The titanium substrates are immersed and kept in a mixture of the material solution and the mineralizer in the Teflon container of the hydrothermal apparatus for 12 to 24 h under high pressure and high temperature. PZT polycrystalline films are deposited on the titanium substrates after hydrothermal synthesis. The titanium substrates are held on the blade used for stirring the material solution and mineralizer. 8) Table I shows the material names, concentrations and quantities in the material solution and mineralizer. Strongly alkaline KOH solution with a concentration of 4 mol/L is used as the mineralizer. The TiO 2 in the material solution has an anatase form without surface treatment and it has an averaged particle size of 180 nm (JA-1, Teika Pharmaceutical). The synthesizing temperature in the nucleation process is 160 C and that in the crystal growth process is 140 C.
Experimental Procedure

Hydrothermal method
9)
The synthesizing time is 24 h per synthesis. Each synthesis is repeated 7 times.
2.2 Structure of 1D-array transducer and fabrication process Figure 2 shows the structure of the 1D-array ultrasound transducer fabricated in this study. The transducer was designed to perform a sector scan electronically with directivity wider than 70 at a frequency of 10 MHz. The hydrothermally synthesized PZT polycrystalline film has a specific dielectric constant of about 500.
The 1D-array transducer with an element pitch of 75 mm, an element width of 35 mm, and an element length of 4 mm was designed with consideration of electric impedance matching between the fabricated ultrasound probes and the electronic circuit used for the transmitter. The 1D-array ultrasound transducer has eight elements of hydrothermally deposited PZT polycrystalline films. Hydroxyapatite (HAp), which has stable material properties even in alkaline solution was used for the substrate, which has a diameter of 13 mm and a thickness of 2 mm. The HAp (Cellyard HA pellet, Pentax) used in this study has a density of 30.5 g/cm 3 , Young's modulus of 6:8 Â 10 10 N/m, sound velocity of 4700 m/s, and specific acoustic impedance of 14:5 Â 10 6 kg/(m 2 Ás). This specific acoustic impedance is similar as that of conventional hydrothermally synthesized PZT polycrystalline film, which is about 15 Â 10 6 kg/(m 2 Ás). 9) Therefore, it can be expected to suppress undesired ultrasound reflection occurring at the interface between the PZT polycrystalline film and the HAp substrate.
The PZT polycrystalline film is deposited only on the titanium-electrodes by the hydrothermal method after the 1D titanium film electrode array is formed by photoetching the titanium film sputtered on the HAp substrate. A gold electrode was deposited by vacuum deposition all over the hydrothermally deposited PZT polycrystalline film. The titanium-electrode array is used as a signal electrode and the vacuum-deposited gold electrode is used as a common ground (GND) electrode. Figure 3 shows the fabrication process of the 1D-array ultrasound transducer. Figure 4 shows the structure of the fabricated ultrasound probe using the 1D-array ultrasound transducer. The HAp substrate of the 1D-array ultrasound transducer was adhered onto ferrite rubber backing material. The 1D-array ultrasound transducer was inserted and fixed in an acrylic resin cylinder with an inner diameter of 13 mm and an outer diameter of 15 mm. The ultrasound transducer was covered with copper foil, used as a electrostatic shield, except for the acoustic window, which was water proofed by molding using silicon rubber. The common GND electrode of the deposited gold film on the hydrothermally deposited PZT polycrystalline film elements and the copper foil were connected using electrically conductive silver-filled epoxy resin (E4110, Epoxy Technology).The signal lines and GND electrode of the fabricated 1D-array ultrasound transducer were finally connected to 8 coaxial cables.
Fabrication of 1D-array ultrasound probe
Reception of ultrasound using fabricated probe
An experiment on receiving ultrasound pulses using one element of the fabricated 1D-array ultrasound probe was performed. Figure 5 shows the measurement system used for the reception of ultrasound. An output signal (a tone burst wave of 1 cycle with amplitude of 300 mV and center frequency of 10 MHz) from a signal generator (33250A, Agilent) was amplified using a power amplifier (2100L, ENI) with gain of 50 dB and was applied to a 10 MHz waterimmersed ultrasound probe. The transmitted ultrasound pulse wave from the probe was received by the fabricated 1D-array ultrasound probe. The signal received by the fabricated 1D-array ultrasound probe was amplified using a preamplifier with a gain of 40 dB in a pulser receiver (5800, Panametrics) and was input into an oscilloscope. The distance between the water-immersed ultrasound probe acting as a transmitter and the fabricated 1D-array ultrasound probe was 15 mm. Figure 6 shows the photoetched 1D-array titanium-electrodes. Figure 6 (a) shows a general view and Fig. 6(b) shows a magnified image of the array elements. An eightelement titanium-electrode array with an element length of 4 mm and an element width of 35 mm was formed on the HAp substrate, and electrode pads for the connection with lead wires were provided for each element, as shown in Fig. 6(a) .
Results and Discussion
Patterning of 1D-array electrode
Deposition of piezoelectric polycrystalline film
The PZT piezoelectric polycrystalline film was deposited hydrothermally on the titanium-electrode 1D-array as described in the fabrication process in §2. Figure 7 shows a general view and a magnified image of the 1D-array ultrasound transducer with hydrothermally synthesized PZT polycrystalline film vibrator elements, imaged using a scanning electronic microscope (SEM; JSM-5500LV, JEOL). We were concerned that the titanium-electrode would dissolved into the mineralizer of KOH solution and that the width of the titanium-electrode element would decrease, since the nucleation of PZT polycrystals by the hydrothermal method starts from the dissolution of titanium. 10) However, the element width did not decrease after repeated hydrothermal synthesis. The thickness of the deposited PZT polycrystalline film was measured using a laser microscope (1LM21D, Lasertec). The result is shown in Fig. 8 . Consequently, it was confirmed that the thickness of the PZT polycrystalline film was about 12 -16 mm.
Analysis of deposited polycrystalline film
The composition of the hydrothermally deposited polycrystals was analyzed using an energy-dispersed X-ray detector (EDS). Figure 9 shows the results. The elements of with lead wire Pb, O, Ti, Zr from PZT were detected. Consequently, it was found that the polycrystals deposited on the titanium substrate were composed of the same elements as those of the conventional PZT polycrystals deposited by the hydrothermal method.
5)
3.4 Waveform received waveform by fabricated ultrasound probe Experiments on receiving an ultrasound pulse were performed using one element in the fabricated 1D-array ultrasound probe. The measurement system shown in Fig. 5 was used in the experiment. An ultrasound pulse was irradiated into water using a commercial 10 MHz waterimmersed ultrasound probe (13-1008-R, Harisonic) applied with a tone burst wave of one cycle at 10 MHz. The ultrasound waveform received using one element in the fabricated ultrasound array probe is shown in Fig. 10(a) . The ultrasound pulse was observed at about 9.8 ms after the transmission of the ultrasound pulse. This ultrasound propagation time corresponds to the distance of about 16 mm from the acoustic radiation surface of the ultrasound probe to the transmitter. This result shows that the fabricated ultrasound probe could receive an ultrasound pulse transmitted from the water-immersed ultrasound probe. Moreover, the normalized power spectrum of the received waveform is shown in Fig. 10(b) . Although the resonance frequency of water immerse type ultrasound probe for transmission was 10 MHz, the peak frequency of the spectrum of the received waveform was 9.0 MHz. We consider this difference to be due to the effect of frequency-dependent attenuation (FDA) in the water. Moreover, there is an other peak at 21.5 MHz in the normalized power spectrum. The nonlinearity of underwater ultrasonic propagation and the effect of the side vibration of the element can be considered to be the cause of this peak.
The relative permittivity of the PZT polycrystalline film used in this study was 770 at 1 MHz. Moreover, to compare the PZT polycrystalline film and other piezoelectric materials, the piezoelectric characteristics are very important. However, the electromechanical-coupling coefficient can not be calculated because the thickness vibration, resonance frequency, and antiresonance frequency are difficult to measure using a laser doppler vibrometer or evaluating the input impedance. Therefore, determining the piezoelectric characteristics of the PZT polycrystalline film will be the subject of a future study.
Conclusions
The PZT polycrystalline film was deposited hydrothermally on a 1D titanium-electrode array consisting of eight elements with an element width of 35 mm and, an element pitch of 75 mm. A tiny 1D-array ultrasound probe was fabricated using a hydrothermally deposited PZT polycrystalline film on the 1D titanium-electrode array. The array was formed on the HAp substrate by sputtering and photolithography.
Furthermore, it was demonstrated that the ultrasound probe fabricated by the hydrothermal method could receive an ultrasound pulse at 10 MHz.
